Context. Modelling of the Venusian ionosphere fluorescence is required, to analyse data being collected by the SPICAV instrument onboard Venus Express. Aims. We present the modelling of the production of excited states of O, CO and N 2 , which enables the computation of nightglow emissions. In the dayside, we compute several emissions, taking advantage of the small influence of resonant scattering for forbidden transitions. Methods. We compute photoionisation and photodissociation mechanisms, and the photoelectron production. We compute electron impact excitation and ionisation, through a multi-stream stationary kinetic transport code. Finally, we compute the ion recombination using a stationary chemical model. Results. We predict altitude density profiles for O( 1 S) and O( 1 D) states, and emissions corresponding to their different transitions. They are found to agree with observations. In the nightside, we discuss the different O( 1 S) excitation mechanisms as a source of green line emission. We calculate production intensities of the O( 3 S) and O( 5 S) states. For CO, we compute the Cameron bands and the Fourth Positive bands emissions. For N 2 , we compute the LBH, first and Second Positive bands. All values are compared successfully to experiments when data are available. Conclusions. For the first time, a comprehensive model is proposed to compute dayglow and nightglow emissions of the Venusian upper atmosphere. It relies on previous works with noticeable improvements, both on the transport side and on the chemical side. In the near future, a radiative-transfer model will be used to compute optically-thick lines in the dayglow, and a fluid model will be added to compute ion densities.
Introduction
Venus ultraviolet emissions have been studied for decades, by spacecrafts such as Pioneer Venus Orbiter (PVO), or space observatories such as Astro-2 (Feldman et al. 2000; Fox & Dalgarno 1981) . A review of the modelling and observations of these emissions, can be found in Fox & Bougher (1991) . The oxygen green line was discovered in the nightside of Venus (Slanger et al. 2001) , opening a controversy about its origin. A mesospheric origin was suggested by an unobserved high vibrational O
The production model TRANS-VENUS
The production of ions and excited states is based on the telluric kinetic part of TRANSCAR (Lilensten & Blelly 2002) , called TRANSSOLO. The Venusian version was described in Gronoff et al. (2007) . This code was adapted for Mars (Witasse 2000; Witasse et al. 2002 Witasse et al. , 2003 , and Titan . It consists of the computation of both primary production due to photoabsorption, and secondary production due to electron impact. A model of the Venusian thermosphere is required to achieve this computation. In the following, we describe how the code was developed to compute the excitation and emission rates.
Overview of the code
The main function of the TRANS-VENUS code is to compute the production of ions and excited species. By adding a chemical model, the densities and emissions of these species can be derived (see paragraph 3). The inputs are a neutral atmosphere model, an EUV/XUV flux model, and an electron precipitation spectrum for the nightside. A model of electron and ion densities and temperatures is required because the TRANS-VENUS code to date includes no fluid part. All of these models are described in the following section.
Adaptation of the code to Venus
The primary production is computed through a Beer-Lambert law (e.g. Simon et al. 2005) . We use the semi-empirical model EUV/XUV called solar 2000 (Tobiska 1991 (Tobiska , 1993 Tobiska & Eparvier 1998) . In this model, the EUV spectrum is divided into 39 energy boxes, which correspond to wavelengths from 2 to 105 nm. These boxes are sufficient in the modelling of ionisation, but not of excitation mechanisms. We added a simple model for wavelengths ranging from 105 to 170 nm, which includes the Ly α line (Bossy 1983) . The dependence of the new Article published by EDP Sciences fluxes on solar activity, is implied by both the F 10.7 parameter (used in addition with the other fluxes), and the F av 10.7 parameter (the three months average of F 10.7 ). The low-energy, UV solar lines (from Ly α , 1216 Å to 1800 Å) are necessary to compute the O( 1 S) and O( 1 D) states (upper states of the transitions that create the green 5577 Å line, and red triplet lines, about 6300 Å) from CO 2 photodissociation. The cross-section is adapted from Lawrence (1972b) and Slanger et al. (1974) . However, large uncertainties about the differential cross section remain, and hence about the red line production rates (Huestis & Slanger 2006) . The production of ions and excited states by photoelectron impact is computed using a multi-stream code (Lilensten & Blelly 2002; Simon et al. 2005) . The major modifications with regards to the Martian and Titan models (Witasse 2000; Lilensten et al. 2005 ) concern the atmospheric model (thermosphere, ionosphere with electron and ion temperatures, and the electron density), and the excitation cross-sections, some of which have been added to the Martian model. The neutral atmosphere is computed from the VTS3 model (Hedin et al. 1983) . The neutral species considered in the model are CO 2 , N 2 , CO, O, H, and N. At all altitudes, the O 2 concentration is considered to be 3 × 10 −3 that of CO 2 (Fox & Sung 2001) . Taking the altitude density profile of H atoms provided by Hartle et al. (1996) , even if both H and N atoms are considered for chemical reactions, their ionisation is not accounted for, because the H + and N + ionised species do not contribute significantly to the emission (Fox & Sung 2001) .
Observations of solar activity, location, time, and solar zenith angle, are used as input conditions for the VTS3 model. The neutral temperature is taken from the VTS3 model, the ion temperature is based on Fox & Sung (2001) , and the electron temperature is taken from Theis et al. (1980 Theis et al. ( , 1984 , extended down to 100 km in correlation with Fox and Sung's temperature. It allows extending the model applicability to nighttime conditions. An example of temperatures can be found in Fig. 1 . The electron density is taken from Theis et al. (1980 Theis et al. ( , 1984 , and is based on PVO measurements. Because some excitations are caused by the recombination of ion species, an ion density model is required. CO(a 3 Π) can for example be excited by the recombination of CO + 2 . In addition, the densities of CO + 2 , and O + 2 are needed. In preparation for VEX future data, we use a stationary chemical model ( dn dt = 0 with n a specie concentration, t, time). The reaction rates are taken from Fox & Sung (2001) . Fox & Sung (2001) showed that the electron density is approximately equal to the O + 2 density below 200 km, and to the O + density above this altitude. We adapted the code accordingly (see Fig. 1 ). In the future, the ion density model will be improved by the inclusion of a fluid transport module. The densities provided by the code are inaccurate, but sufficient to determine emission rates approximately, which is our main objective.
Cross section of the Venusian species
-CO 2 and CO: ionisation cross-sections (for both primary and secondary productions) were reviewed by Witasse (2000) . Excitation (non-dissociative and dissociative) cross-sections are summarised in Tables 1 and 2 . -N 2 : ionisation and excitation cross-sections are listed in Lilensten et al. (2005) . -O and O 2 : ionisation and excitation cross-sections are listed in Lilensten & Blelly (2002) . The cross-section for the O( 3 P) ground state (1s) 2 (2s) 2 (2p) 3 (3s) 1 −O( 3 P) (1s) 2 (2s) 2 (2p) 3 (3p) 1 transition by electron impact excitation is taken from Gulcicek et al. (1988) . In the center panel, T n is the neutral temperature, T i the ion temperature, and T e the electron temperature. In the right panel, an ion density semiempirical model is used. This model was computed for F 10.7 = 80, latitude: 45
• at noon.
Fig. 2.
The nightside upper atmosphere model. In the left panel, the dotted line represents the N 2 density and the dashed line the CO density.
In the center panel, T n is the neutral temperature, T i the ion temperature, and T e the electron temperature. In the right panel, an ion density semiempirical model is used. This model was computed for F 10.7 = 80, latitude: 0 • , Solar zenith angle: 125
• .
-O + : ionisation cross-sections are summarised in Simon et al. (2005) .
Modelling the emission lines
The dayglow spectrum of Mars and Venus, which are planets with an atmosphere mainly composed of CO 2 , is dominated by the CO Cameron and Fourth Positive bands below 2700 Å (Leblanc et al. 2006; Fox & Bougher 1991) . The other constituents of the spectrum are H, O and C lines, and some N 2 bands. Moreover, the CO + 2 doublet can be seen at 2883−2896 Å. The nightglow spectrum of these planets consists mainly of O 2 and NO emissions (Fox & Bougher 1991) , although other lines and bands are visible. Lummerzheim & Lilensten (1994) .
To model the emission lines and bands, we must compute the densities of excited states, which can be populated by electron impact excitation or dissociation (by recombination, photoabsorption or electron impact) of a molecule, and by resonant or fluorescent scattering.
-Resonant scattering is the production of an excited state by photoexcitation, followed by radiative relaxation; photons are both emitted and absorbed at the same wavelength. The quenching for allowed transitions are negligible, but not those of forbidden transitions that have a long deactivation time (small Einstein A factor). More precisely, the Einstein factor for spontaneous emission should be greater than the collision frequency. The collision frequency is approximately 10 3 s −1 at 100 km (the basis of our altitude grid), and decreases with increasing altitudes to values about 1 at 400 km. Resonant scattering is not negligible for allowed transitions. A radiative transfer code is therefore required to model the lines on the dayside. Since our radiative transfer model is still in development, we will not address resonant scattering. A band is the result of many rovibronic deactivations, and to compute a line (of this band) is equivalent to analysing one of its states. The Einstein coefficient of this particular transition and hypothesis (or data) on the vibrational and rotational temperatures, are required to know the state populations.
O
The relaxation of atomic oxygen in various states produces four main features (lines, multiplets) in the planetary dayglow and nightglow: the red line (a triplet), the green line (with a proportional multiplet at 2976 Å), and the 1304 and 1356 Å multiplet (Fig. 3) . (Lummerzheim & Lilensten 1994 , and references therein):
where P x is the production of the species x and [O] is the O density.
On Earth, the Barth mechanism (Barth & Hildebrandt 1961) is at the origin of the nightglow mesospheric, green-line emission. This mechanism is a three-body process, followed by an excitation transfer:
, where M is a mixture of molecular oxygen and nitrogen. This mechanism is probably also responsible for nightglow emission on Venus, where M is carbon dioxide (Fox 2004) . Following (Slanger et al. 2006b) , it is efficient however only if the excited state O * 2 is O 2 (c 1 Σ − u , ν ≥ 2). This high-vibrational level has never been observed in the Venusian atmosphere. This may be due to the observational process whereby the c-state produces the Herzberg II emission during deexcitation. The ν ≥ 2 emission was not observed, which is why Slanger et al. (2006b) proposed an alternative process that involves the reaction of O 2 (c 1 Σ − u , ν = 0) with CO, to form O( 1 S). Neither the chemical rate of this reaction, nor the population of the ν = 0 state of O 2 , however, are known, and we consider this assumption no further in this paper.
The second point is that the green line is highly variable (see for example Figs. 2−4 in Slanger et al. 2006b ). The Barth mechanism is efficient at low altitudes (typically about 105 km), where the atmosphere is stable and can hardly account for the emission variability.
Back in the 1970s, Frederick et al. (1976) ; Kopp et al. (1977) proposed a new reaction in the Earth's thermosphere:
. This reaction could account for the emission variability at Venus. However, the atomic and chemical parameters make this reaction improbable theoretically.
These three reactions (Barth, Slanger and Frederick/Kopp) are discussed in detail in the Appendix A. In the following, we will compare the Barth and the Frederick/Kopp mechanisms.
Red line: O(
The red line, a triplet at 6300, 6363, and 6391 Å, is produced by the deactivation of The O( 3 S) level is unstable (A 1302 = 3.41 × 10 8 s −1 ). Moreover, the 1304 Å line is optically thick for Venus (Fox & Bougher 1991) . Kassal (1975 Kassal ( , 1976 showed that the (9, 0) Fourth Positive bands of CO, contaminate the O( 3 S) triplet. We need to develop a radiative-transfer code that simulates correctly both dayside and nightside.
3.1.5. 7772-7774-7775 Å triplet: O( 5 P)
As for the 8446 Å, the triplet near 7772 Å is a transition between two excited levels: O( 5 P) → O( 5 S). The Einstein coefficient for the transition is A = 3.69 × 10 7 s −1 . This state can be considered as a secondary source of O( 5 S). We do not include this source in our simulations.
1356-1359 Å doublet: O( 5 S)
The O( 5 S) level is also an unstable level (A 1355 = 4.20×10 3 s −1 ): although the transition is forbidden, the radiative decay is faster than the quenching decay. The O( 5 S) → O( 3 P) transition needs a radiative-transfer model because the (14, 4) Fourth Positive bands of CO contaminate the 1356 Å line (Kassal 1975 (Kassal , 1976 . Moreover, the (3, 0) Lyman-Birge-Hopfield (LBH) bands at 1354 Å blend the line.
CO
The Cameron and Fourth Positive bands of CO, are the major features in the dayglow spectrum of Venus and Mars. These bands emit between 1200 and 2800 Å.
Cameron bands
The Cameron bands are intense between 1900 and 2700 Å. They are generated by the CO(a 3 Π) → CO(X 1 Σ) transition. Fluorescent scattering is negligible, and it is a metastable state (lifetime 8 ms, Fox & Bougher (1991) and references therein). We therefore only consider deactivation radiation for this state.
The production sources taken into account are:
-p1: dissociation through electron impact on CO 2 ; -p2: CO 2 photodissociation; -p3: CO + 2 dissociative recombination; -p4: electron impact on CO;
This simulation is valid on both dayside and nightside.
Fourth positive bands
The Fourth Positive bands emit radiation of wavelengths between 1200 and 2800 Å, which is of particularly high intensity between 1300 and 1800 Å (Fox & Bougher 1991) . This is produced by an allowed transition between CO(A 1 Π) and CO(X 1 Σ). 90% of the dayside production of the upper state comes from the fluorescent scattering of the Ly α line by the v = 14 progression (Fox & Bougher 1991; Kassal 1975 Kassal , 1976 ). In our model, the fluorescent scattering has not yet been implemented, and our simulation is therefore only valid at night. The production sources taken into account are: -p1: dissociation through electron impact on CO 2 ; -p2: CO 2 photodissociation; -p3: CO + 2 dissociative recombination; -p4: electron impact on CO.
CO 2
The CO 2 molecule has only a few UV-Visible emission lines, because it tends to dissociate or ionise at low energy (≈10 eV). Thus, the ultraviolet emission of CO 2 is produced mainly by its ion, CO + 2 . The main emissions of this ion are the UV doublet close to 2900 Å, and the Fox-Duffendack-Barker bands. Both transitions are allowed, and resonant scattering is not negligible.
The 2883−2896 Å doublet is produced by the radiative deactivation of the CO + 2 (B 2 Σ + u )(0, 0, 0) state to the ground level. The resonant scattering of this transition is negligible (2% of the total production), considering electron impact ionisation or photoionisation of CO 2 (Fox & Bougher 1991) .
CO
These bands arise from the radiative deactivation of the CO + 2 (A 1 Π u ) state to the ground level. Resonant scattering is responsible for 30% of this emission (Fox & Bougher 1991) . The other sources are electron impact ionisation and photoionisation.
N 2
The N 2 emission lines have not yet been observed in the Venusian airglow.
As the atmosphere is composed of only 2% N 2 , these lines (or bands) are expected to be weak. The detection of these emissions is therefore a challenging task for Venus Express.
The Second Positive bands come from the N 2 (C 3 Π u − B 3 Π g ) allowed transition. Thus, it populates the N 2 (B 3 Π g ) state, which is the upper state of the First Positive bands. The N 2 (C 3 Π u ) state is populated by electron impact because the N 2 (C 3 Π u − X 1 Σ + g ) transition is forbidden. The Second Positive bands emit radiation in the 3200−3800 Å range.
As for the case of the Second Positive bands, these transitions are allowed. (Broadfoot et al. 1997 ), but is not taken into account in our modelling. The Einstein factor is taken from Shemansky (1969) . The quenching factors in cm −3 s −1 are 3.1 × 10 −11 for oxygen, 4.1 × 10 −12 for O 2 , 1. × 10 −14 for CO 2 , and 2. × 10 −11 for CO (Dreyer et al. 1974) .
) the Lyman-Birge-Hopfield system The Lyman-Birge-Hopfield (LBH) system is populated through electron impact excitation. It emits in the 1273−2190 Å range.
) the Birge-Hopfield system The Birge-Hopfield (BH) system is populated through electron impact excitation. It emits in the 950−1700 Å range.
N
The First Negative bands emit mainly at 3991 and 4278 Å, in the 0−0 and 0−1 bands. It originates in an allowed ion transition. The sources are electron impact ionisation, photoionisation, and fluorescent scattering. At the present stage, our model only takes into account the electron impact ionisation, thus being applicable only to the nightside.
The Meinel bands emit in the range 6400−8000 Å. As for the First Negative bands, photoionisation and fluorescent scattering have to be taken into account for dayglow modelling. The model presently computes its nightglow.
O 2 and NO spectrum
Previous observations of the Venus nightglow emissions have shown that O 2 Herzberg II bands and NO γ and δ bands, are major features of this spectrum (Fox & Bougher 1991) . Some mesospheric chemical reaction also excite O 2 (Slanger 1978; Lawrence et al. 1977; Fox & Bougher 1991; Slanger et al. 2006b; Huestis & Slanger 1993) . These reactions are mainly recombination processes, involving two or three bodies, such as the O + O + CO 2 → O * 2 + CO 2 reaction, for which O is transported from the dayside, where it is produced by dissociation of CO 2 .
Other mesospheric chemical reactions produce the NO bands, mainly through recombination processes of atomic nitrogen with atomic oxygen (Fox & Bougher 1991; Huestis & Slanger 1993) .
The altitude of the maximum production of both O 2 and NO bands, is approximately 100 km, which is beneath the ionosphere. Moreover, mesospheric chemistry is required, preventing us from including such productions in our model.
Dayside results
In the following paragraphs, all values will be expressed in units of Rayleigh, which is the emission of 10 6 photons in all directions, by a source column of 1 cm 2 section. For our simulations, this column is orientated toward nadir. We count the population of a state in a column, in addition in Rayleigh. For these cases, the Rayleigh unit is the column integration of the state density, divided by 10 6 .
4.1. Atomic oxygen
The green line was observed indirectly, by Pioneer Venus Orbiter, at 2972 Å (Huestis & Slanger 1993) . Lecompte et al. (1989) report an observation of 7 kR emission on orbit 187 (F 10.7 ≈ 180, F av 10.7 ≈ 160, latitude = 45 • , noon). For the same conditions, our simulation shows an intensity of 6.6 kR, in good agreement with the measurement. For that simulation, we find that about 85% of the dayside excitation is produced by the CO 2 photodissociation. In contrast, the O 2 photodissociation produces 2 × 10 −5 times less O( 1 S), 8% from CO 2 electron impact dissociation, 2% from O + 2 dissociative recombination, 1% from O electron impact excitation, and 1% from N 2 (
For a smaller solar activity (F 10.7 = 80, latitude = 45 • , noon), a value of 71 kR is computed for the green line, and 4.4 kR for the 2972 Å line (see Fig. 4 ).
Both the Barth and Frederick/Kopp processes, described in the Appendix, are negligible on the dayside. Their effect on overall emission is approximately a few hundreds Rayleighs.
Red line (O( 1 D) state)
There is no report of red line observations on the dayside of Venus. Our simulation shows a red line intensity of 2 kR for low solar activity (F 10.7 = 80). 86.5% of the excitation originates from CO 2 photodissociation, 9% from O 2 photodissociation, 2.5% from O( 1 S) deactivation, and 2% from the electron impact on O 2 (and O) (see Fig. 4 ). Such an emission should be detectable using a spectrometer from Earth, which would produce a more accurate measurement of the O( 1 D) yield from the photodissociation of CO 2 .
Allowed transitions
The simulation shows a 8446 Å emission at 300 R (Fig. 7) , which is almost one third of the O( 3 S) non-radiative excitation (1.1 kR). The other main source of O( 3 S) is electron impact on O (775 R). For O( 5 S), although not allowed, (see Sect. 3.1.6), the excitation by electron impact on O, is 321 R, while the electron impact dissociation of CO 2 , creates 22 R. The production of the state that does not come from resonant scattering, is thus 343 R.
Carbon monoxide and dioxide

Cameron bands
The Cameron-bands emission altitude profile, can be found in Fig. 8 . On the dayside, the intensity is 17.3 kR, 7 kR originating from electron impact on CO 2 , 5.3 kR from CO 2 photodissociation, 4 kR from electron impact on CO, and 1 kR from CO + 2 dissociative recombination.
Fourth Positive bands
The Fourth Positive bands production, not arising from fluorescent scattering, has an intensity of 676 R: 220 R from electron impact on CO, 212 R from CO 2 photodissociation, 160 R from CO + 2 dissociative recombination, and 84 R from electron impact on CO 2 .
CO +
doublet
The dayside intensity of the CO + 2 doublet is 6.9 kR. The emission profile can be found in Fig. 7 . 
Molecular nitrogen
The Second and First Positive N 2 bands, have intensities of 760 R and 1650 R, respectively. The Vegard Kaplan bands, have a non-radiative production of 310 R. The LBH bands have a production of 1.5 kR, from which 91 R are emitted at 1354 Å, overlapping with the 1356 Å atomic oxygen line. The BH bands have a total integrated emission of 310 R. We computed an electron impact production of 134 R for the 3914 Å line, 42 R for the 4278 Å line, and 740 R for the Meinel bands, all for the N + 2 emissions, which require fluorescent scattering and photoionisation.
Nightside results
As opposed to the dayside, modelling the nightside of Venus' ionosphere requires external inputs that are difficult to estimate. For the dayside, the UV flux can be derived from direct observations (e.g. the observation at Earth, through the F 10.7 proxy, can be used). On the nightside, the energy input is electron precipitation. Owing to the lack of in-situ measurements, we can only estimate such a precipitation, which can be strongly variable, because it comes from the interaction between the planet and the highly-variable solar wind. For our calculations, we used the electron energy spectrum from Spenner et al. (1996) .
Oxygen
Green line
In the mid seventies, the Venera probe did not observe any green line nightglow emission, during low solar activity. An upper value of 10 R was therefore proposed in Krasnopolskii (1981) . The discovery of the green line, using the Keck telescope was made during moderate solar conditions. Slanger et al. (2001) report a nightime zenith intensity of 150 R. In order to reproduce this observation, we test two different reactions, wich we discuss in detail in the Appendix A. The standard mechanism is the Barth reaction. In Fig. 6 , we show our computation for a solar zenith angle of 125
• . This mechanism is efficient at approximately 105 km. The O( 1 S) production reaches a value of about 100 cm −3 s −1 , resulting in an integrated green-line emission of 90 R, which is not far from observation. This result is obtained with a set of chemical reaction rates, based on the similarity beween CO 2 and O 2 as quenchers. Another choice of parameters (quenching ratio) can easily result in an emission intensity of 150 R (see Appendix A). In the same figure, we show the results of the O( 1 S) production due to the alternative Frederick/Kopp mechanism O + 2 + N. This reaction requires O + 2 densities (Singhal 1996) . The O( 1 S) production due to Frederick/Kopp's reaction peaks at higher values than that of the Barth mechanism, between 130 and 140 km altitude. With this reaction, the integrated green-line emission is again comparable to observations, 150 R. Without taking into account any of these mechanisms, we obtain an integrated green-line emission, of 21 R, which is much too small compared to observations.
Regarding the physico-chemistry, the Barth mechanism is the most probable. However, large uncertainties remain, which are explained in the Appendix A. The Frederick/Kopp reaction, although chemically possible, is difficult to achieve, because the internal energy available in the O + 2 + N reaction (4.3 eV), is close to the O( 1 S) energy (4.2 eV). In the future, it will be necessary to explore in detail this latter reaction, and to make in-situ or limb observations of the oxygen green-line, to determine the altitude of its peak intensity, and to discriminate between the two reactions.
One additional issue will be to explain the high variability of the green-line emission. As observed by the Keck telescope, the emission varies from a deci-Rayleigh (lower detection limit) to an upper limit, which was probably more than the 167 R in its initial detection (Slanger et al. 2006b ). How mesospheric processes can explain such a variability is still a debated question (see Appendix A). In contrast, PVO observations (http:// pds-ppi.igpp.ucla.edu/pvoven.htm) show an O + 2 variability of one order of magnitude or more, which could be compatible with the variability of the green-line emissions. The model shows that the Barth and/or Frederick/Kopp mechanisms (or a third one, see Appendix A) are responsible for the major part of the green nightglow emission. To a smaller extent, the O( 1 S) states are also populated by other processes, namely dissociative recombination of O + 2 , electron impact on CO 2 , and electron impact on O, in decreasing order of importance.
Red line
The nightside simulation shows a red-line intensity of 27 R at 6300 Å (in the same conditions as the green-line simulations). In spite of a 30% difference, this result is compatible with the observations of Slanger et al. (2001) , who estimated an upper value of 20 R. The overestimate may be attributed to the bad constraints regarding O + 2 densities. Because the intensity is low, our value is nonetheless in the observation error range. 55% of the excitation comes from the O + 2 dissociative recombination, 35% from O( 1 S) deactivation (quenching and radiative transition), and 10% from electron impact on O.
Allowed transitions
At night, the atomic-oxygen, allowed-transitions are weak: 4 R for the 8446 Å line, 14 R for the O( 3 S) excitation (10 R from electron impact on O, 4 R from the O( 3 P) deactivation). The 4 R production of O( 5 S) (though not allowed, see Sect. 3.1.6) originates from electron impact on O.
We consider that the 1304 Å emission of the O( 3 S) excited state is optically thick on the nightside. In that case, the 1304 Å emission is about 5 R. This is compatible with observations that derive an average value of 10 R (Fox & Bougher 1991) , and, considering the sources of the line, it is compatible with the assumption of a soft electron source. This last hypothesis is compatible with the observation of the variability of the line, because the soft electron spectrum is very variable (Spenner et al. 1996) . However, this will have to be studied in detail using a radiative transfer model. Feldman et al. (2000) Not in our model
Needs mesospheric chemistry Parisot (1986) ( <200 R) O 2 (a 1 ∆ g ) 1 .27 µm Yes (night) Bands at 1.27 µm most intense Parisot (1986) feature ( Feldman et al. (2000) Not in our model Feldman et al. (2000) Not in our model
Blended with (9, 1) CO Fourth Feldman et al. (2000) Positive bands Fox & Bougher (1991) Not in our model 3 Probably present, but not reported yet. Table 4 . References for reaction rates, T e is the electron temperature, T i is the ion temperature, and T n is the neutral temperature.
Reaction
Rate (cm
T e > 1200 K: 3.69 × 10 −9 1200 Te 0.56 Kella et al. (1997) T e < 1200 K: 9.75 × 10
Frederick et al. (1976) ; Kopp et al. (1977) Ref.
in Witasse et al. (1999) 
Ref. 
Ref. in Lummerzheim & Lilensten (1994) 
Ref. in Lummerzheim & Lilensten (1994) Schofield (1978) 5.2. Weak lines of CO, CO 2 + , and N 2
Our simulations show a total integrated intensity of 30 R for the Cameron CO bands, and 1 R for the Fourth Positive bands system of CO. As a consequence, it is presently not possible to observe these bands, a conclusion that is compatible with previous observations, showing no occurrence of these band systems in the Venus nightglow. Fox & Bougher (1991) interpreted this result as the consequence of a horizontal magnetic field. Although not incompatible with this interpretation, our simulations show that this assumption is not necessary to account for the current observations. For the CO + 2 doublet, a total intensity of 3.4 R was computed. For N + 2 , the nightside intensity is less than 1 R. For N 2 , the bands intensities are below 4 R (see Table 3 ).
Conclusions
The reliability of the TRANS-VENUS code, one of the first multi-stream codes to compute the Venusian airglow, has been proven by experiment, for several emission lines and bands. The results of the simulations suggest that several mechanisms can explain the observed intensity of the green-line in the nightside of Venus, namely the Barth, and the controversial Frederick/Kopp mechanisms. In this latter case, the variations of the O + 2 density (Bauer et al. 1985; Miller & Whitten 1991) could also explain the observed intensity fluctuations. Coordinated measurements from orbiting spacecraft, and Earthbased observatories, of both O + 2 density and green-line intensity, on the nightside ionosphere of Venus, are however necessary to confirm this hypothesis. The Venus Express (VEX) mission has been orbiting Venus since April 2006 and the SPICAV experiment should help obtain such results. The three observational ranges of SPICAV (UV: 1180−3200 Å, IR 7000−17 000 Å, and 22 000−42 000 Å) will provide results on atomic oxygen lines, carbon monoxide or nitrogen bands. Further computational improvements are planned, especially where fluorescent excitation and radiative transfer are required. Moreover, solution of the fluid equations, and in particular the ion densities, will place stronger constraints on the shape of the ion density profiles.
A.1.3. The case of the Earth
The fits achieved in (McDade et al. 1986; Murtagh et al. 1990 ) for the quenching terms (the ratios above) result in neglecting the spontaneous desexcitation, and the quenching by N 2 , in comparison to the k1 S−O * 2 −O term. This is due to the fact that the oxygen is an open-shell molecule -such as CO 2 -with many energetic states, which is not the case for N 2 . The simplified equation becomes:
In the papers above, the fitted value of the
factor is 211. Mathematically, the ratio represents the efficiency of the
factor was fitted to 15. If we consider that the fitted values are representative of the efficiency of the reactions, we can give the relative efficiency of the O * 2 quenching reactions: 
has not yet been observed in the Venusian atmosphere, but has been observed at Earth. Therefore, they concluded that the Barth process cannot be efficient for Venus, and proposed another mechanism discussed below.
For Steadman & Thrush (1994) , the Barth emission comes from O 2 (A 3 Σ + u , ν = 6, 7) visible through the Herzberg I bands. Parisot (1986) observe that the emission of Herzberg I is three times more intense at Earth, than at Venus. The green line emission is then expected to be three times smaller in the Venusian atmosphere, than in the Earth one. This is not what is observed: Slanger et al. (2006b) report similar intensities on both planets. This can be explained if the vibrational states ν = 6, 7 of the emitter, are not divided by the same factor of three, that is, the vibrational state intensities are not separated in Parisot (1986) .
A.1.5. The Barth mechanism in the Venusian case For Venus, Eq. (A.6) becomes:
Terms of O( 1 S) quenching
Below, the oxygen densities are taken from Bougher et al. (2006) . Since the excitation state of the precursor O * 2 is unknown, alternative hypotheses are required.
If we consider only the quenching of O * 2 by O 2 (with a factor C of 15, as on Earth), and O (with a factor C of 211, as on Earth), and we neglect the quenching by CO 2 , we obtain an emission of 2.1 kR. This is too large, and indicates that the quenching of O * 2 by CO 2 must be considered, although its ratio C is unknown. Since CO 2 is an open-shell molecule such as O 2 , we use as a first approximation the same ratio C = 15. We then obtain:
The result is shown in Fig. 6 and exhibits a peak emission at 90 R. This is in correct agreement with the observations (Slanger et al. 2006b ). For better agreement, it is of course possible to fit C CO 2 in order to retrieve the integrated intensity of 150 R. A value of 7 (instead of 15) gives an integrated emission of 155 R. This should however be confirmed by theoretical studies and/or laboratory measurements.
Because of the many unknown parameters of the Barth mechanism, a good fit of the green-line intensity is easily achieved, but it cannot validate the process (in contrast to the Earth's case, we do not have an altitude profile of the emission for Venus, but an integrated intensity of the green line). However, this mechanism cannot explain the variations of the green-line emission. To explain the variability of the infrared O 2 emission, Crisp et al. (1996) proposed several thermospheric effects, such as gravity waves, or O transport from the dayside to the nightside. If confirmed, such assumptions may overcome the intrinsic difficulties of the Barth mechanism, to account for the emission variability. Significant uncertainties, however, remain about the excitation state of the precursor in the Venusian mesosphere, and of the value of the quenching rate constant for CO 2 .
A.2. The Slanger process
For both atmospheric and energetic reasons, Slanger et al. (2006b) proposed an alternative mechanism at low altitude: emissions. This process takes place at altitudes where the Barth mechanism is efficient, i.e. close to 105 km, because the O 2 (c) state is derived indirectly from the Barth process, as described in Parisot (1986) . This reaction cannot again explain the intensity variability. Moreover, it has never been observed nor suggested in other studies. Although it cannot be ruled out, dedicated experiments must be carried out to validate this reaction.
A.3. The O 2 + + N process
In Langford et al. (1986) , experimental results shows that the N + + O 2 → NO + + O( 1 S) or O( 1 D) reaction can take place. This (surprising) chemical reaction, given an excited state, is explained by the correlation diagram from Katsumata et al. (1982) . The reaction giving O( 1 S) is less exoergic and does not exhibit a direct correlation, but is observed. This reactions were used to model the auroral emission, and it was found that the one giving O( 1 D) can explain ≈10% of the red line (Langford et al. 1985) . We used these reactions to model the nightside red and green line of Venus, by using the N + densities measured by Pioneer Venus Orbiter. However, the N + density is so small that this reaction accounts for less than one percent of the emission. Frederick et al. (1976) ; Kopp et al. (1977) propose a similar kind of reactions: O ) + O( 1 S) is spin-forbidden. However many cases of spin-forbidden reactions are known to occur with good efficiency because of strong spin-orbit couplings (Scott et al. 1998 ).
-The second point is that this reaction has several more exoergic channels, in particular the spin-allowed NO + (X 1 Σ + g ) + O( 3 P) channel. Those exoergic channels are expected to be statistically strongly favoured compared to the less exoergic NO + + O( 1 S) channel (0.1 eV). However Smith et al. (1983) states that "the propensity to deliver a substantial fraction of the reaction exothermicity into electronic excitation of the atomic product appears to be a somewhat general phenomenon". The relative importance of these channels has then to be thoroughly investigated.
-The third point is that the qualitative correlation diagram published by Langford et al. (1986) based on NO + 2 energies from Katsumata et al. (1982) shows no direct correlation between the O + 2 + N and O( 1 S) + NO + channel. This seems to imply the existence of an energetic barrier entrance channel of this reaction. However if such a barrier exists, the reaction can become important if one of the reactant has kinetic energy. Indeed, many experiments show that the reaction rates are drastically modified when the reactants have even a very low kinetic energy (Alcaraz et al. 2004) . As N comes from the dissociation of N 2 it could easily have kinetic energy, and several processes contribute to transfer kinetic energy to the ions in the planetary ionospheres.
It is clear that the O + 2 + N → O( 1 S) + NO + reaction proposed in Frederick et al. (1976) needs further investigation, and especially laboratory measurements. If this reaction turns out to be impossible, it will be necessary to seek an alternative interpretation of the Earth's thermospheric observations (well above the Barth's mechanism efficiency layer), and to explain the variability of the green-line emission, both at Earth and Venus. N + +O 2 is a candidate that has already been observed (Langford et al. 1985) . However, this reaction may hardly account for the observations because of the low density of N + . The reaction N( 3 P) + O 2 cannot explain the green line because the amount of N( 3 P) is too low. There may exist another set of reactions that create O( 1 S). The importance of these reactions will depend on the densities of the reactants in their specific excited state. Finally these reactions may also be specific to the chemistry of the planet considered.
